This work reports an investigation of the surface modifications induced by irradiation with nanosecond laser pulses of ultraviolet and visible wavelengths on crosslinked hydrophilic co-polymeric materials, which have been functionalized with 1-vinylimidazole as a co-monomer. A comparison is made between hydrogels differing in the base co-monomer (N,N-dimethylaminoethyl methacrylate and N-[3-(dimethylamino)propyl] methacrylamide) and in hydration state (both swollen and dried states). Formation of craters is the dominant morphological change observed by ablation in the visible at 532 nm, whereas additional, less aggressive surface modifications, chiefly microfoams and roughness, are developed in the ultraviolet at 266 nm. At both irradiation wavelengths, threshold values of the incident laser fluence for the observation of the various surface modifications are determined under single-pulse laser irradiation conditions. It is shown that multiple-pulse irradiation at 266 nm with a limited number of laser shots can be used alternatively for generating a regular microfoam layer at the surface of dried hydrogels based on N,N-dimethylaminoethyl methacrylate. The observations are rationalized on the basis of currently accepted mechanisms for laser-induced polymer surface modification, with a significant contribution of the laser foaming mechanism. Prospective applications of the laser-foamed hydrogel matrices in biomolecule immobilization are suggested.
Introduction
The laser-assisted modification of polymeric materials using nanosecond (ns) laser pulses can be currently carried out with high precision and specificity [1, 2] . Laser ablation, i.e., the massive removal of polymeric material is the most prevalent result from ns laser-matter interactions at fluences well above the threshold for surface modification. Precise laser processing usually requires the use of ultraviolet (UV) laser wavelengths in order to avoid thermal effects degrading the quality of the modified surface morphologies, as arising from the use of visible (Vis) and infrared (IR) wavelengths [1, 3] . Since 2005, a distinct phenomenon, so-called "laser foaming", has been reported to occur in self-standing films of polymers and biopolymers obtained by casting procedures [4, 5] . In laser foaming, the absorption of a single UV laser pulse of ns duration produces a layer of foamy material featuring bubbles or pores of micro-to nanometric size at the surface of the films. From a practical point of view, such porous morphologies, having high surface areas, find widespread technological applications such as the fabrication of artificial biocompatible extracellular matrices or scaffolds for culture and growth of biological tissue [6, 7] . From a fundamental viewpoint, the foaming process unveils a higher level of specificity in the underlying mechanism whereby the laser energy deposited on the film surface ultimately leads to a morphological modification, as compared to regular laser ablation [5] .
In general, the mechanism governing the laser foaming of polymers is determined by the laser wavelength, the physical condition of the substrate and its water content [8] . Modeling of the laser foaming process shows up that it is relevant for moderately absorbing polymers, with absorption coefficients ˛ < 3000 cm −1 [5] . In such cases, photon absorption from a ns laser pulse at the polymer surface may generate a pressure wave, the tensile part of which is, in turn, capable of triggering a cavitation and bubbling phenomenon leading to formation of a foam layer. This model proved suitable to account for the foaming characteristics induced by different laser irradiation wavelengths, from UV to IR, on a variety of natural and synthetic polymers from renewable resources [4] [5] [6] [8] [9] [10] . As the matrices of such polymers were prepared by polymer solution casting and further solvent evaporation, without the use of crosslinking agents, they typically had a random association at the molecular level. In the case of collagen, it was demonstrated that UV laser light was capable of inducing conformational changes in the irradiated films, mainly as a result of breaking of the hydrogen bond network and loss of water molecules, which maintain the ordered structure [11] . In few studies on crosslinked gelatin films, the investigations were only limited to dried matrices [8, 9] . Significantly so far, there is no research on laser-induced foaming on hydrophilic co-polymeric matrices.
Hydrogels are three-dimensional polymer networks with a unique ability to retain a large amount of water in their swollen state because of the hydrophilic nature of their functional groups [12] . In order to use hydrogels as scaffolds for tissue engineering, their various properties, including porosity and microarchitecture, need to be controlled [13] . In this context, the laser-induced foaming can be used as a post-synthesis technique to increase surface microporosity, and then, diffusion and transport through hydrogels. The present article reports a study of the morphology arising from surface modifications of functionalized hydrogels, as a result of ns pulsed laser irradiation with UV and Vis radiation (266 and 532 nm, respectively). The hydrogels of interest are constituted by N,N-dimethylaminoethyl methacrylate (DMAEMT) and N- [3-(dimethylamino) propyl] methacrylamide (DMAPMD) as monovinyl monomers, 1-vinylimidazole (VI) as a co-monomer, and N,N -methylenebis(acrylamide) (BIS) as a crosslinking agent. The choice was made on the basis of a recent work in which the synthesis and physicochemical characterization of such crosslinked hydrophilic co-polymers with different proportions of VI was reported [14] . Among them, products containing 20% of VI, designated as MT and MD, were selected because of their largest swelling/resistance ratio in relation to the total materials produced.
Here, the main goal was to find the experimental conditions for the development of surface morphologies, other than regular ablation craters, with emphasis on the generation of a microfoam layer on the surface of the selected hydrogels, in both swollen and dried states. The formation of craters was the dominant morphological change observed by ablation at 532 nm (Vis), whereas additional, less aggressive surface modifications, chiefly microfoams and roughness, were developed at 266 nm (UV). At both irradiation wavelengths, threshold values of the incident laser fluence for the observation of the various surface modifications were determined under single-pulse laser irradiation conditions. The development of surface microfoams on dried MT samples was studied in additional, multiple-pulse experiments at 266 nm with a limited number of laser shots, which allowed a comparison with the foam properties arising from single-pulse irradiation at the foaming threshold fluence.
The observation of ns laser-induced foaming upon UV laser irradiation of functionalized hydrophilic co-polymers is relevant considering the capability of the imidazole group (into VI) to act as a ligand to coordinate a number of transition metal ions eventually dissolved in the swelling water, which in turn can serve as specific sites for the complexation of biomolecules within the hydrogel network [14] . Because such surface-modified morphologies feature micrometric pores or cavities, laser foaming can thus be envisaged as a prospective, post-synthesis strategy to increase the ability of relevant hydrogels for biomolecule immobilization.
Materials and methods

Reagents and hydrogel synthesis
The following chemicals were used as purchased: DMAEMT (Sigma); DMAPMD (Aldrich); VI (Aldrich); BIS (Sigma); ammonium persulphate (APS, Anedra); and N,N,N ,Ntetramethylethylenediamine (TEMED; Anedra). The hydrogel synthesis procedure, via free-radical crosslinking polymerization, was recently reported [14] . Here, 4.48 × 10 −3 mol of monovinyl monomers (DMAEMT or DMAPMD), 1.12 × 10 −3 mol of comonomer (VI) and 1.1 × 10 −3 mol of crosslinker (BIS) were used. The polymerization reaction was allowed to occur in 5 cm in diameter plastic Petri plates featuring an air-exposed surface, where the defects arising from mold-release processes were absent. After one-day reaction at room temperature, the disk-shaped hydrogels were cut in squares with a ∼1 cm side using a blade. Square samples were thoroughly washed with Milli-Q water and then dried for two days at 28 • C until constant weight. The final products were named dr (meaning for dried) MD and dr MT hereafter, to reflect both water content and molar co-monomer composition; upon swelling, the resulting matrices were renamed as sw (meaning for swollen) MD and sw MT.
The water strongly retained on dr MD and dr MT samples was 2.86 and 9.60 wt%, respectively. For sw MD and sw MT, the swelling indexes, as defined by the ratio between the mass of water-swollen hydrogel at equilibrium and the dry mass, were 14 and 30, respectively [14] .
Laser irradiation
Laser irradiation of dr and sw samples of MD and MT was performed in air at room temperature by the second and fourth harmonics (532 and 266 nm, respectively) of a Q-switched Nd:YAG laser (Big Sky Laser-Quantel CFR 400, 6 ns FWHM). In the case of sw samples, the water from the surfaces was removed prior to laser irradiation by wiping with tissue paper. Single laser pulses were isolated manually from the output of the laser working at a repetition rate of 2 Hz. The laser output was steered using a quartz prism on the hydrogel samples, which had been placed horizontally on a two-dimensional micrometric translation stage and focused by a plano-convex lens (Thorlabs, quartz, 10 cm focal length) onto the sample surface at normal incidence.
The cross-section of the laser beam at the focal plane A was estimated from digital analysis of confocal laser microscope (CLM) images of the burned pattern on photosensitive papers. The CLM used was Olympus LEXT -OLS 4100. The laser output power was controlled in order to keep the incident laser pulse energy E p at values below 20.0 and 3.5 mJ, at 532 and 266 nm, respectively, as measured by placing a Scientech 756 calorimetric detector right behind the focusing lens. The incident laser fluence , as applicable to single-pulse irradiation experiments, was estimated by the E p to A ratio [15, 16] . For multiple-pulse irradiation experiments on dr MT, recording the effect of an accumulative number N = 2-5 of laser pulses applied to the same area, was set to the value of the corresponding single-pulse threshold fluence for laser foaming (see below), to yield effective energy doses of (N. ).
For the sake of reproducibility, the laser irradiation under both single-and multiple-pulse conditions was carried out on two different samples in any given assay combining type and state of hydrogel and laser wavelength.
Confocal laser microscopy and scanning electron microscopy
The morphology of the irradiated areas of dr samples was characterized using the CLM and a scanning electron microscope (SEM; Carl Zeiss FE-SEM igma), whereas sw samples were evaluated only by CLM. The estimation for surface roughness, via mean roughness (R a ) parameter, and for surface pore mean density and area was obtained from digital analysis of CLM and SEM images. The R a values represent the arithmetic average of the deviations from the center plane of the sample. Each R a value corresponds to the average of three independent measurements in different locations of the matrix surface.
UV-vis spectroscopy
Further characterization of the hydrogels was carried out by measuring their UV-vis absorption spectra between 250 and 800 nm using a StellarNet Black-Comet (BLK-CXR-SR) spectrometer.
Results
Fig . 1 compares the UV-vis absorption spectra of MT and MD, in both sw and dr states, with those corresponding to monomers (1 × 10 −3 M aqueous solutions of DMAEMT; DMAPMD; BIS and VI). For all matrices, negligible absorbance is observed at wavelengths above 500 nm, whereas absorbance of the laser radiation at 266 nm can be ascribed to the chromophores present in the structure of the hydrogels, i.e., the imidazole ring in VI and the carbonyl groups in DMAEMT, DMAPMD and BIS. Table 1 lists the derived attenuation coefficients for the hydrogels. Apparently, the polymers feature a As derived from the spectra in Fig. 1 and thickness of the hydrogels: 1.04 for dr MT, 0.88 for dr MD, 1.60 for sw MT, and 1.62 mm for sw MD. relatively low attenuation coefficients even at the laser irradiation wavelength of 266 nm. The single-pulse ns laser irradiation of the hydrogels at 266 and 532 nm showed a variety of morphological modifications in the surfaces including the development of roughness, microfoams and ablation craters. For the various assays combining type and state of hydrogel and laser wavelength, threshold fluences were determined by measuring minimum fluence, leading to any particular morphological alteration in the sample surfaces, as probed by CLM. Table 2 lists such threshold fluence values. Fig. 2 shows typical CLM images of the irradiated regions of the relevant samples at laser fluences above their lowest-lying thresholds.
From the evidence, it is apparent that the irradiation at 266 nm of dr MT and dr MD leads to development of foam-like morphologies within the irradiated areas under the prevailing experimental conditions. At fluences above 2.1 and 2.3 J cm −2 for dr MT and dr MD, respectively, such microfoams feature regular distributions of micrometer-sized cavities or pores (Fig. 3) . They were correspondingly characterized by pore mean areas of 0.092 and 0.025 m 2 , as well as pore densities of 1.61 × 10 6 and 4.44 × 10 6 pore mm −2 at fluences of 2.1 and 4.1 J cm −2 , respectively. For dr MT, a fluence range was found, from the foaming threshold at 0.9 J cm −2 to 2.1 J cm −2 , in which irregular microfoams developed, showing a steady increase in pore density with fluence. In addition, a varying depth of the open cavities under the surface is observed at any given fluence (Fig. 4) . Concurrently, the irradiated area increases in surface roughness, as evidenced by R a changing in the range of 0.14-1.0 m from unexposed to irradiated surfaces. These observations are similar to those reported in previous studies on single-pulse, ns laser irradiation at 248 and 266 nm of thin films of biopolymers and polymers from renewable resources [4] [5] [6] [8] [9] [10] . A major difference with such studies concerns the lack of swelling in the irradiated area even at near-threshold fluences. The thickness of the foam layer depends on the polymer and : for instance, it is around 21 and 4 m for dr MT and dr MD at 2.1 and 4.1 J cm −2 , respectively. Fig. 5 illustrates it, showing an inclined view of a cross-section of the foam layer for dr MD. Noteworthy, such foam-like morphologies are preserved after at least one swelling/deswelling cycle (Fig. S1 of the Supporting Information).
For the other hydrogel states and laser wavelengths, laser irradiation of the samples leads to development of roughness or craters, either individually or sequentially (Table 2 ). In the case of sw MT at LI = 266 and 532 nm, crater formation is accompanied by the development of two distinct morphologies around the crater. This is chiefly evidenced in Fig. 2(c) , where the crater (looking opaque at the CLM image center) is surrounded by a larger, nearly circular plateau with a roughness, which is higher than that of the unexposed regions. Beyond such a plateau, a number of elongated promontories spread radially out, which overall results in a morphology looking like a "sun in splendor". These promontories are arguable surface fissures (filled with water) derived from a mechanical fracture of the unexposed regions, as the laser-induced momentum [10] within the irradiated area forces the surface to a fast recoil and ensuing swelling with curvatures, exceeding the mechanical resistance of the matrix.
The development of microfoams, resulting from laser irradiation at 266 nm of dr MT, was further explored in experiments using an accumulative number N, from 2 to 5, of laser pulses applied to the same area. The laser fluence was set to a value of 0.9 J cm −2 , i.e., the corresponding single-pulse threshold fluence for laser foaming. Under such conditions, the generation of a regular pore size distribution required the incidence of 2 shots to yield an effective energy dose of 1.8 J cm −2 . Significantly, this is below the single-pulse value of 2.1 J cm −2 that was found for the development of regular foams on dr MT. The microfoams resulting from multiple-pulse irradiation show pore densities that increase from 1.45 × 10 4 to 9.52 × 10 4 pore mm −2 from N = 2 to 5 (Fig. 6) . The similarity between these and the foam properties arising from single-pulse experiments suggests that multiplepulse irradiation at 266 nm with a limited number of laser shots and at fluences near the foaming threshold can be alternatively used to generate a regular microfoam layer on the surface of the hydrogels.
It should be pointed out that the optical properties of the starting (non irradiated) hydrogels, as derived from the spectra in Fig. 1 , are not representative of those characterizing the matrices after the incidence of the first and subsequent laser pulses. Such successive shots are expected to increase the concentration within the irradiated volume of laser radiation-induced defects, i.e., the so-called incubation centers [2] , thereby resulting in a local increase in absorptivity. Unfortunately, the relatively small area of the microfoams, which arise from multiple-pulse irradiation, prevented further probing of their local optical properties via conventional UV-vis absorption spectroscopy. Yet, the finding in multiple-pulse experiments that regular foams are developed on dr MT at an effective energy dose, which is lower than the corresponding single-pulse threshold fluence, is suggestive of the occurrence in the former conditions of incubation phenomena, most likely resulting from a radiation-induced increase in the absorptivity [2] .
Discussion
The results can be interpreted in terms of the currently accepted mechanisms for ns laser-induced polymer surface modification [1] [2] [3] 5] , with a consideration of the relative optical penetration depths l a (≡˛− 1 ) for the various samples at the two LI 's. For laser irradiation at 532 nm, either photochemical or photothermal mechanisms would explain the formation of both simple craters for dr MT and dr/sw MD, and craters with distinct morphologies around for sw MT. The corresponding low attenuation coefficients at 532 nm (Table 1 ) support the major involvement of a laser ablation mechanism, which massively removes polymeric material at relatively large penetration depths [3] .
In general, for laser irradiation at 266 nm, there appears to be a contribution from an additional mechanism which leads to morphological changes, more localized on the sample surfaces, in agreement with the expected small penetration depths (i.e., high Fig. 6 . CLM images of the surface morphologies of dr MT (upper panels) and dr MD (lower panels) after multiple-pulse laser irradiation at 266 nm ( 's of 0.9 and 2.3 J cm −2 , respectively), at the indicated incident accumulative laser pulses. attenuation coefficients), in comparison with 532 nm. Lazare and coworkers studied and modeled the foaming process, as induced by ns laser irradiation, of a number of moderately absorbing films of polymers from renewable sources [5] . Within this model, the formation of a foam layer on the polymer surface is initiated by absorption of a single laser pulse, which in turn produces a transient acoustic wave that propagates into the dense material. Such a pressure wave contains both compressive and tensile components, and the latter is thought to be ultimately responsible for fast cavitation and bubble growth. In addition, the water content of the polymer matrix plays a major role in cooling the irradiated surface. Lazare et al. also pointed out [10] the difficulty of discerning laser foaming from laser ablation phenomenon (driven by either photochemical or photothermal mechanisms) on the surface of polymers, due to simultaneous occurrence and varying relative relevance with increasing laser fluence. Therefore, for laser irradiation at 266 nm on dried matrices, the laser foaming mechanism accounts for the formation of superficial microfoams, in addition to the development of surface roughness that accompanies laser foaming on MT at laser fluences in the range of 0.9-2.1 J cm −2 . In the case of swollen samples at LI = 266 nm, this model most likely explains the surface roughness that either occurs at lower fluences than the craterization threshold for MD, or accompanies the formation of ablation craters for MT. In addition, the above mechanisms provide a rationalization for the correlations observed between the threshold fluences for the hydrogels and the variables of the laser irradiation process, like type and state of hydrogel and laser wavelength. The most general trend has been found under single-pulse irradiation conditions (Table 2) at which, for any given hydrogel state and laser wavelength, the threshold fluence for the development of a particular morphology is lower for MT than for MD. For example, the laser-foaming threshold of dr MT at LI = 266 nm (of 0.9 J cm −2 ) is lower than the corresponding value (of 2.3 J cm −2 ) of dr MD. Similar considerations can be applied to the relative craterization thresholds of dr/sw MT and dr/sw MD at the two prevailing LI 's. Table 3 lists a number of physicochemical properties for the hydrogels reported previously [14] . A comparison between Tables 1  and 3 reveals that neither the optical attenuation coefficients at a given LI nor the densities of the matrices significantly depend on the identity of the VI's co-monomer, whether DMAEMT or DMAPMD. It is also apparent that DMAEMT-containing matrices show improved mechanical properties in terms of Young's modulus and failure strain, increased thermal stability (higher decomposition temperature) and resistance to a higher number of swelling/deswelling cycles in relation to DMAPMD-containing hydrogels. Such differences in mechanical strength and thermal stability would expectedly result in lower threshold fluences for surface morphological modification in the case of dr/sw MD with respect to dr/sw MT, which is opposite to observations on single-pulse experiments. A similar behavior has been reported in previous studies on the ns, single-pulse laser irradiation of selfstanding gelatin films at UV, Vis and IR laser wavelengths, in which Bloom 225 gelatin samples consistently displayed lower modification threshold fluences than those of Bloom 75, despite the higher gel strength of the former [8, 9] .
At LI = 266 nm, where the foaming mechanism seems to dominate the contributions to the laser-assisted modifications, the explanation most likely relies on the relevance given by the model to the concentration within the hydrogel network of free-volume holes (FVH) [5] . These are regions of the material with zero density of bonds and constitute seeds for the nucleation of cavities and bubbles, which further expand and grow upon the action of the tensile component of the pressure wave. An insight into the relative size of FVH for the relevant crosslinked hydrophilic materials can be obtained from a morphological characterization performed via variable pressure scanning electron microscopy (VP-SEM) technique, which have revealed that the pores of non irradiated sw MD matrices are significantly larger than those of sw MT [14] . This is in agreement with the estimation of the corresponding values for the hydrogel mesh size of the swollen matrices, using the proper formulae for non-ionic hydrogels [17] , which leads to values of around 8 and 100 nm for MT and MD, respectively.
Because the pore size ratio of MD to MT is not expected to vary significantly upon the drying process, the preceding conclusions could be expected to hold for dried matrices. Hence, the large difference in pore size between the two matrices, by about one order of magnitude, would result in a higher concentration of FVH for dr MT than that for dr MD. Within the laser foaming mechanism [5] , the nucleation rate of cavities is proportional to the concentration of FVH in the starting polymer, which in turn would imply that dr MT is more prone to the foaming process than dr MD under similar conditions. This is in agreement with the above-mentioned correlations between the type of hydrogels and threshold fluences. At LI = 266 nm, this is supported by the larger pore mean areas and smaller pore densities, which characterize the microfoams of dr MT, compared to those of dr MD, suggesting that laser-induced polymer surface modification takes place, to a larger extent, for the former. At LI = 532 nm, where either photochemical or photothermal mechanisms are predicted to dominate the polymeric material removal, such an agreement is indicative of a significant contribution of the laser foaming mechanism as well.
Only a partial correlation can be found between hydrogel state and threshold fluences for the hydrogels. For the two types of copolymers at LI = 532 nm, it was observed that their craterization thresholds are lower for swollen than for dried matrices. No correlation is instead apparent at LI = 266 nm, which could partly be due to the different morphologies developed, e.g., microfoams on dr MT and craters on sw MT. Yet, an involvement of the laser foaming mechanism could be inferred from the mechanical fractures observed around craters at the surface of sw MT for LI = 266 and 532 nm. Hence, such fractures were possible due to the low polymer tensile strength of swollen matrices with large water content, as compared to that of dried samples. The absence of mechanical fractures for sw MD under similar laser irradiation conditions could be the result of a lower propensity for these matrices to undergo laser foaming.
No trend is observed addressing the effect of laser wavelength on the fluence thresholds for any given type and state of hydrogel; once again, this could reflect the different morphologies developed upon changing LI .
Conclusions
This work shows that ns, single-pulse laser irradiation of crosslinked hydrophilic co-polymers at a UV wavelength (266 nm) and at relatively low laser fluences allowed producing surface modifications, other than ablation craters, especially microfoam layers with a regular size distribution of pores. It was also concluded that multiple-pulse irradiation at 266 nm with a limited number (2-5) of laser shots can be used alternatively for generating a regular microfoam layer at the surface of dr MT. These results parallel findings previously made in experimental studies on the laser foaming process in films of biopolymers and polymers from renewable sources, which typically show polymer structures with a random association at the molecular level. Foamy morphologies, as induced on dried samples of MT and MD, proved to resist at least one swelling/deswelling cycle without significant degradation. Instead, single-pulse laser irradiation in the visible at 532 nm led preferentially to crater formation on the hydrogel surfaces.
At the two irradiation wavelengths, the incident laser fluence dependences of the observed surface modifications have further been recorded, which allowed for a determination of the corresponding threshold fluences under single-pulse laser conditions. Significantly, a marked correlation was found between the type of hydrogel and the various threshold fluences: for any given hydrogel state and laser wavelength, the threshold fluence for the development of a particular morphology is consistently lower for MT than for MD.
The most important features of the various surface morphological modifications arising from laser irradiation at 266 and 532 nm were rationalized in terms of the currently accepted mechanisms for ns laser-induced polymer surface modification. The laser foaming mechanism was proposed to dominate the contribution at the UV wavelength, whereas either photochemical or photothermal mechanisms favoring regular laser ablation could additionally be involved, or even dominate at 532 nm.
Laser-foamed dry matrices of MT and MD appear as suitable precursors for prospective studies on better ability (upon subsequent swelling) for biomolecule immobilization. These applications would benefit from additional, complementary investigations of the chemical changes in the hydrogel structure, which accompany the surface morphological modifications reported here. Such a knowledge is important for the present systems considering that the immobilization of biomolecules, within the hydrogel network, is expected to occur through complexation with transition metal ions (suitably dissolved in the swelling water), which can concurrently coordinate to the imidazole groups of the VI's constituents. A great deal of information on the chemical and conformational changes, which ensue the development of laser-induced microfoams on hydrophilic polymers, can be attained through a number of spectroscopic techniques including laser-induced fluorescence (LIF) [6, 9, 18] , time-correlated single photon counting (TCSPC) fluorescence spectroscopy [18] , Raman spectroscopy [11] , Fourier transform infrared spectroscopy in attenuated total reflection mode (FTIR-ATR) [11, 19] , and X-ray photoelectron spectroscopy (XPS) [19] . Such spectroscopic studies will be the subject of a forthcoming investigation.
